Objective: Native arteriovenous fistulas (AVFs) for hemodialysis are susceptible to nonmaturation. Adverse features of local blood flow have been implicated in the formation of perianastomotic neointimal hyperplasia that may underpin nonmaturation. Whereas computational fluid dynamic simulations of idealized models highlight the importance of geometry on fluid and vessel wall interactions, little is known in vivo about AVF geometry and its role in adverse clinical outcomes. This study set out to examine the three-dimensional geometry of native AVFs and the geometric correlates of AVF failure.
patient-related morbidity including repeated surgical and radiologic procedures, appear to arise from a combination of neointimal hyperplasia and failure of vascular remodeling. 4 As with atherosclerosis, the other major occlusive vascular disease, systemic features are associated with an increased frequency of neointimal hyperplasia. 5, 6 However, histologic specimens obtained from both patients 7 and animal models 8, 9 demonstrate the eccentric nature and perianastomotic location of the lesions, which in turn implicates the role of local geometry and the flow field interacting with the vessel wall. Whereas the precise relationship between flow patterns and vascular disease is poorly understood, 10 disturbed flow, as occurs in branch points within the vascular tree and perianastomosis, is associated with the development of vascular disease 11 and is dependent on local vascular
geometry. An understanding of the geometric and flow correlates of early AVF failure may lead to approaches that improve patient outcomes. Computational fluid dynamic (CFD) modeling of the flow field in an AVF has taken two parallel approaches: patient-specific and idealized geometries. To date, the patient-specific model has been undertaken only in small cohorts. 12 Idealized models have concentrated on the effect of the anastomotic angle 13 and assumed the artery and vein to be coplanar and predominantly straight, an approach perpetuated with in vitro modeling 14 and clinical devices to support maturation. 15 As such, AVFs have been considered two-dimensional structures with minimal vessel curvature. 14, 16 As part of a clinical study designed to elucidate the relationship between geometry, vascular hemodynamics, and AVF nonmaturation, we set out to examine the three-dimensional geometry of native AVFs and the geometric correlates of AVF failure as well as measuring flow characteristics to support AVF modeling.
METHODS
Study enrollment. This study was designed as a single-center, observational cohort study of individuals undergoing upper limb native AVF creation using an end-to-side (vein-to-artery) anastomosis. All patients were recruited from a preoperative vascular access clinic at our center between 2013 and 2016 inclusive. This study received National Health Service Research Ethics Committee approval (NRES 13/LO/0421), and all participants gave written informed consent; research followed the principles outlined in the Declaration of Helsinki.
Exclusion criteria included previous ipsilateral vascular access surgery, use of intraoperative prosthetic material, age younger than 18 years, and contraindication to magnetic resonance imaging (MRI). All patients were operated on by one of three experienced vascular access surgeons according to current best surgical practice and clinical indication; no attempt was made to modify the anastomotic configuration. For patients undergoing a two-stage brachiobasilic fistula, only the first-stage surgery (anastomotic creation) was included in the study, given that anastomosis creation occurred at this operation rather than at the second stage.
All patients consented into the study were included in the outcome assessment, including those who experienced immediate vascular access failure either before or after MRI.
Imaging, vessel segmentation, and geometric characterization. Initial MRI and ultrasound imaging were performed on the day of access formation (T 0 ), within 2 to 6 hours of completion of surgery, which was performed in the morning. MRI was performed on a Siemens 3T Verio (Munich, Germany) scanner on all but the first three patients, who were imaged on a GE (Fairfield, Va) machine. A four-channel large flex coil wrapped circumferentially around the limb was used as the receiver coil. Patients were imaged either prone with the arm extended above the head or, if unable to tolerate lying prone, in a lateral decubitus position. In both cases, the elbow was fully extended, with the forearm and the wrist in a neutral position as regards, respectively, pronationsupination and flexion-extension. In both situations, patients were positioned to place the AVF as close to the MRI core as possible.
After localization sequences, a phase-contrast MRI sequence was acquired with, on average, 128 by 1.5-mm-thick, transverse, contiguous slices. Velocity encoding was set at 50 cm/s; other imaging parameters included repetition time, 18.82 ms; echo time, 5.72 ms; flip angle, 20 degrees; and field of view, 140 mm. The first three patients (patients 1-3) underwent imaging on a GE 3T scanner with similar sequence parameters. Total acquisition time including localization sequences was typically 12 minutes per patient.
Patients were offered the opportunity to return for an interval MRI at 7 to 14 days postoperatively (T 1 ) and imaged in the identical position to the original scan. Recommendation: Variation in patient-specific three-dimensional geometry may be an important variable to predict fistula maturation and success.
ARTICLE HIGHLIGHTS
In those who underwent repeated imaging, both the T 0 and T 1 scans were acquired with the same velocity encoding sequence.
AVF lumen segmentation and reconstruction were performed on each of the images using ITK-SNAP, 17 a semiautomated software tool for image segmentation. Centerline extraction was then performed using the Vascular Modelling Toolkit, 18 a collection of tools for geometric analysis.
In brief, centerlines were generated from the proximal artery inlet to the distal artery outlet or outlets (in some brachiocephalic fistula cases) and from the proximal artery inlet to the distal venous outlet based on the maximum inscribed radius of the lumen geometry, in a similar manner as applied previously to carotid artery geometry. 19 These centerlines were used to identify the origin and nominal plane of the bifurcation, and the centerlines were split into the two constituent vessels (artery and vein). Nonplanarity was assessed by a novel measure that provides a simple and clinically applicable metric to allow comparison between geometries (Fig 1) . More complex indices (such as tortuosity) have limited value in noisy clinical data sets. For this study, the "artery" was defined as the brachial artery in its entire length within the MRI data set, the "vein" as the vein forming the fistula from the anastomosis to the margin of the MRI data set, and the "whole fistula" as the geometry arising from the combination of artery and vein; branches of either artery or vein were excluded. A plane of best fit through the centerline of three structures (artery, vein, and whole segmented geometry) was obtained using a least squares method (Fig 1, B) . The mean absolute distance from the plane of best fit to the centerline was calculated for each respective geometry and then controlled for the maximum vessel diameter to generate a planarity score. Whole fistula nonplanarity is greater than the constituent arterial and venous nonplanarity, given that two centerlines are used to generate a fitting plane.
Given the potential importance of arterial curvature in AVFs, 20 this was assessed using an established technique for three-dimensional spatial curves 21 based on the arterial centerline and then corrected for vessel diameter. This measure is expressed as a scalar that integrates curvature along the whole blood vessel, with increasing values associated with greater curvature. A straight line would have a curvature of 0.
To calculate the projected bifurcation angle, a straight line of best fit was created, designed as a least squares approximation to the proximal artery centerline based Measurement of nonplanarity and bifurcation angle. After segmentation of the geometry from magnetic resonance imaging (MRI) data (A), centerlines are extracted (B); blue, vein; red, artery. A plane of best fit (gray) was obtained using a least squares method for each centerlinedin this case, the arterial centerlinedas well as for both centerlines (whole fistula). Mean absolute distance (d) from the centerline to fitting plane calculated to give nonplanarity score and corrected for vessel diameter. A two-dimensional centerline (ie, coplanar to the fitting plane) would have nonplanarity score of 0. To calculate the bifurcation angle (C), a straight line of best fit (red dotted line) was obtained using a least squares method for the proximal artery centerline. This line was then aligned to the reference x-axis and the tangent of the vein at the bifurcation point (blue dotted line) moved to be planar to the XY plane. The angle formed between these two lines (q) is reported as the bifurcation angle.
on a distance of approximately 12 vessel diameters from the anastomosis. This line was then aligned to the reference x-axis and the tangent of the vein moved to be planar to the XY plane. The angle formed between the centerline of the vein and this straight line of best fit at the bifurcation point is reported as the bifurcation angle (Fig 1, C) .
Flow measurement. Doppler ultrasound measurement of flow in both the inflow artery and fistula was performed at the time of the first MRI scan and again at clinic review at 6 to 8 weeks, using a standardized technique, 22 as a function of time-averaged flow velocity and luminal diameter. Whole blood viscosity was estimated from venous blood taken preoperatively on the day of surgery on the basis of fibrinogen and hematocrit. 23 The Reynolds number, a dimensionless parameter in fluid dynamics representing the relative balance of inertial to viscous forces, was derived from indices measured as part of the flow measurement.
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Clinical outcome. Anatomic maturation criteria 22 were used on the basis of ultrasound assessment of an outflow vein $5 mm in diameter and a flow >500 mL/min.
Statistical analysis.
Associations between fistula location, planarity, curvature, bifurcation angle, and operating surgeon were performed using analysis of variance and Tukey honest significant difference post hoc tests. Univariate binomial logistic regression was used to examine geometric parameters and clinical outcome; given the nature of the continuous variables being tested, logarithmic odds ratios are quoted. Reproducibility assessments between T 0 and T 1 were performed using repeated measures analysis of variance (planarity) and paired t-tests (angle and curvature). A significance level of P < .05 was taken as a threshold for statistical significance; all P values are reported without attempt to correct for repeated measures.
RESULTS

Clinical study
There were 67 patients recruited into the observational cohort study from a single center. Fig 2 outlines the study flow diagram. Only those 60 patients in whom complete MRI data sets were obtained on the day of surgery are included in the study. The baseline demographics for the 60 patients are outlined in Table I ; 46 AVFs were created in the upper arm and were either brachiocephalic (n ¼ 40) or brachiobasilic (n ¼ 3), whereas 17 were created in the lower arm and were all radiocephalic (n ¼ 17).
Assessment of AVF geometry
Day of surgery imaging. Fig 3 provides reconstructed luminal geometries for each of the 60 fistulas obtained by MRI at T 0 grouped by fistula location; each fistula is represented in three orthogonal projections. These are oriented such that in general, the initial image in the XY plane can be considered a side-on view, the YZ plane as viewed from the arterial end, and the XZ plane as viewed from either above or below and centered on the anastomosis.
At a qualitative level, there is wide interpatient variation in the planarity and curvature of the vessels. This is most notable in the artery (Fig 3, patient 37 vs patient 67) and particularly in brachiocephalic compared with radiocephalic fistulas (Fig 3, patient 8 vs patient 10) .
The planar bifurcation angle in the XY plane (Fig 1, C) is the angle formed between the proximal artery best fit line and the tangent to the vein at the bifurcation point. This bifurcation angle is comparable to that used in CFD modeling 13 and reported in clinical studies. 25 There is broad heterogeneity in this planar bifurcation angle (Fig 4) , with a mean across the cohort of 73 6 16 degrees (6standard deviation; Table II ) and no fistulas demonstrating a bifurcation angle <30 degrees. In general, radiocephalic fistulas demonstrate a smaller bifurcation angle compared with brachiocephalic fistulas by, on average, 10 degrees (P < .001). The qualitative observations of nonplanarity were supported by this novel quantitative measure of planarity (as outlined in Table II) , with a greater mean arterial and whole geometry nonplanarity in brachiocephalic fistulas vs radiocephalic fistulas. Venous nonplanarity did not differ. Arterial curvature demonstrated heterogeneity between individuals and locations. A higher degree of curvature was seen in brachiocephalic vs radiocephalic fistulas. It was not feasible from these data sets to ascertain whether an anastomosis arose on the inner or outer curvature, that is, the inside or outside of an arterial bend.
There were no identifiable differences in AVF geometric parameters between the three surgeons (bifurcation angle, P ¼ .606; whole fistula planarity, P ¼ .640; arterial curvature, P ¼ .927).
Repeated imaging. There were 20 patients available for a repeated MRI scan at 7 to 14 days postoperatively (T 1 ). As outlined in Table III , the intraindividual, paired geometric measures were highly reproducible, supporting the stability in geometry between the two time points as assessed qualitatively (Fig 5) and with a low mean difference between the two time points and an intraindividual standard deviation well below that of the interindividual standard deviation in Table II . Ultrasound flow measurements. Table IV summarizes AVF flow as measured by Doppler ultrasound. Upper arm fistulas were associated with a greater flow rate and larger vessel size at T 0 , which may be more important in determining maturation at 6 weeks by anatomic criteria. Given the larger vessel size and flow velocity, the time-averaged Reynolds number was on average 60% higher in brachiocephalic fistulas than in radiocephalic fistulas.
Association with clinical outcome. Whereas this data set is ample to demonstrate the heterogeneity in anatomic conformation, we wished to assess any association with clinical outcome. At 6 to 8 weeks, 19 of 60 (32%) fistulas had failed to mature, in keeping with other studies using this criterion for successful maturation. 26, 27 Maturation according to the patients' demographics is shown in Table I . Reconstructed geometries for all arteriovenous fistulas (AVFs) at T 0 grouped by location. Segmented magnetic resonance imaging (MRI) data sets from initial imaging time point for all patients. Each fistula is shown in three orthogonal vignettes. The first vignette is oriented in the XY plane, the second in the YZ plane, and the final in the XZ plane, where the x-axis is derived from a straight line fitted to the proximal artery centerline running through the origin of the bifurcation, the y-axis lies on the plane formed by the x-axis and the tangent of the vein at the bifurcation point, and the z-axis lies orthogonal to the XY plane. In general, the initial image in the XY plane can be considered a side-on view, the YZ plane as viewed from the arterial end, and the XZ plane as viewed from either above or below and centered on the anastomosis. BBF, Brachiobasilic fistula; BCF, brachiocephalic fistula; Pat, patient; RCF, radiocephalic fistula.
Univariate analysis was used to examine the association between geometric parameters and fistula maturation. For univariate analysis, brachiobasilic and brachiocephalic fistulas were combined as upper arm as opposed to radiocephalic (lower arm). There was limited evidence of association between maturity at 6 weeks, bifurcation angle, and arterial planarity on univariate analysis (Table V) , with fistula location (upper vs lower) exerting Quantitative assessment of geometry at T 0 grouped by fistula location. Box plots identify median with upper and lower hinges at first and third quartiles. Nonplanarity is standardized against mean vessel diameter for each patient and is expressed as a ratio of vessel diameter. Curvature is standardized in a similar manner but expressed as the inverse ratio such that units are (1/vessel diameter). Whiskers extend to highest or lowest value within 1.5 of the interquartile range from the respective hinge. Within-group comparison P values are reported as *P < .05, **P < .01, and ***P < .001. BBF, Brachiobasilic fistula; BCF, brachiocephalic fistula; RCF, radiocephalic fistula. a greater effect than the other factors. Specifically, a larger bifurcation angle and greater arterial nonplanarity were associated with a greater likelihood of maturation. Given the small study size with a low event rate and the associated risk of overfitting a multivariate model with excess parameters, no attempt at multivariate modeling was undertaken.
DISCUSSION
The centerline of any blood vessel may be used to define the vessel's geometry and curvature. The centerline is planar and could be considered twodimensional, if the centerline lies on a plane; otherwise, the centerline is nonplanar (three-dimensional). Furthermore, curvature is the reciprocal of the radius of curvature at a point on the vessel centerline.
In contrast with many idealized models, larger native human vasculature is nonplanar (three-dimensional) and demonstrates significant arterial curvature 28 ; nonplanarity leads to flow conditions that may be protective against the development of vascular disease. 29, 30 Our study presents the largest cohort of three-dimensional geometric reconstructions of AVFs to date, with all patients included in this study undergoing noncontrast-enhanced MRI within 6 hours of surgery. We have demonstrated a great heterogeneity in vessel conformation, and as might be expected with native human vasculature, there is a large degree of nonplanarity both quantitatively and qualitatively as well as curvature of the native artery. There are also significant geometric differences between radiocephalic and brachiocephalic fistulas, with the former appearing to be more coplanar with a smaller projected bifurcation angle than the latter, although there is extensive heterogeneity in both groups. Furthermore, this geometry is preserved over time and is still present at least 2 weeks later. This work rejects the assumption held in idealized modeling studies 13, 14 and some clinical studies 31 that
AVFs are two-dimensional (coplanar) structures with a narrow bifurcation angle. The presence of three-dimensional geometry is important, inducing nonplanarity in experimental settings. It reduces extremes of wall shear stress 29 ; inhibits flow stagnation, separation, and instability; and improves intravascular mixing. 32 Biologically, the presence of even small measures of nonplanarity, such as with a helical stent in comparison to a straight stent, leads to a reduced burden of neointimal hyperplasia 33, 34 and improved clinical outcomes. 35 Equally, the presence of in-plane arterial curvature may be important in neointimal hyperplasia formation. CFD modeling has demonstrated the potential significance of arterial curvature in AVF maturation, 20 with significant arterial flow instability associated with an anastomosis formed with a straight artery or the inside of a curved artery. This instability is suppressed when the anastomosis is connected to the outside of a curve but at the expense of inducing potentially pathologic wall shear stress patterns. Comparison of geometric parameters in 20 individuals with MRI scans at T1 as well as at T 0 . Mean difference represents the change in parameter between T 0 and T 1 . Standard deviation represents the mean intraindividual standard deviation calculated as the square root of the average within-patient variance.
The paradigm that underpins a geometric risk approach to AVF failure is that the anatomic shape influences the flow field, which in turn has either deleterious or potentially protective effects in its interaction with the vessel wall, which in turn leads to the adverse clinical outcomes.
A persistent approach in the literature has been to consider the angle formed by the vein with the artery at the anastomosis, as this may be amenable to a device 15 or surgical manipulation. CFD modeling investigating a range of anastomotic angles 13 suggests that reducing the angle between the vein and artery to 30 degrees may improve the local flow field. This is contradicted by clinical work, 25 with an angle <30 degrees measured intraoperatively with a protractor, associated with an increased intervention rate in AVF. Our study has reported a cohort of patients with the bifurcation angle measured in a robust and reproducible manner; although surgical techniques may differ, we identified only 4 of 60 fistulas with an angle <45 degrees and none <30 degrees. The intraoperative surgical site can give the illusion of AVFs being two-dimensional structures; however, given the threedimensional nature of AVFs (as manifested by the measure of whole vessel nonplanarity and as seen in Fig 3) , this bifurcation angle is not wholly representative of the three-dimensional interaction of the fistula and artery.
We have attempted to overcome this in this study by rotating the AVF to allow a consistent assessment of the bifurcation angle in the XY plane, as an AVF is perceived through a surgical incision. Whereas the MRI angiographic sequences used in this study provide contrast-free images without the use of ionizing radiation, the quality does not provide the same resolution or detail associated with standard magnetic resonance angiography (MRA) performed with gadolinium or computed tomography angiography. Although the risks of nephrogenic sclerosing fibrosis are low, 36 we considered the use of gadolinium an unacceptable risk in this research population. There was a systematic bias to larger vessel lumen size with MRA compared with ultrasound (mean difference, 12%; P ¼ .002), and this has been noted in other clinical studies 19 using MRA techniques in comparison to ultrasound measurements.
In the absence of MRI contrast, identifying small changes in vessel lumen in serial MRI scans as might occur with neointimal hyperplasia was not possible with this technique. Indeed, whereas it is possible to identify the development of intimal hyperplasia in animal models through the retrieval of tissue, defining this with a noninvasive technique in humans is difficult. As a result, the use of the clinical end point in this study relating to maturation at 6 weeks lacks specificity for underlying perianastomotic neointimal hyperplasia.
Nonetheless, other work has demonstrated that those with inadequate maturation at an early time point have around 80% venous stenosis rate, with a large percentage lying juxta-anastomotic. 37 Local geometry may influence the flow field and, in turn, in its interaction with the vessel wall, lead to vascular disease. The lack of specificity for stenotic disease in the clinical end point and the sample size leads to a difficulty in associating the geometric parameters in this study with clinical outcomes despite the strong theoretical benefits of nonplanarity. Nonetheless, there is a suggestion that more planar fistulas and those with a reduced bifurcation angle are associated with nonmaturation, but it is difficult to disentangle this from the increased frequency with which these are seen with radiocephalic fistulas and the greater failure rate seen in lower arm fistulas replicating observations from other cohorts 38 and that may relate to other factors, including selection of patients and flow characteristics. Recent work from the Hemodialysis Fistula Maturation Study 39 demonstrates the importance of functional arterial properties that are present preoperatively, in particular, nitroglycerin and flow-mediated dilation in AVF maturation, which goes some way to refuting a purely geometric approach to nonmaturation. Nonetheless, preclinical studies introducing a bend into the vein of a porcine model of AVF and effecting a geometric change can be shown to homogenize wall shear stress, to reduce the burden of intimal hyperplasia, 40 and to lead to greater flow and venous dilation. 41 Ultimately, it is likely to be a combination of factors including geometry and inherent properties of patients' vessels that lead to the morbidity associated with nonmaturation. The development of patient-specific CFD studies with relation to outcome, including more sensitive measures of AVF maturation failure, may help further elucidate the fluid dynamic and geometric correlates of failure in AVF. Equally, idealized simulations based on fistula-appropriate flow and geometric conditions may further this understanding. Until now, much of this work has used observations based on an isolated number of patients, but the descriptive data included in this work should inform the creation of more appropriate idealized models. Whereas all AVFs in this study were imaged in a consistent anatomic position, further work will need to clarify how movement at the elbow and wrist joints influences vascular geometry along with the effect of local anatomy, such as overlying skin depth. An alternative approach to observing the effect of geometry on the flow field and pathologic process is to define a geometry optimized for favorable flow conditions within a parameter space appropriate for AVFs and applying that in preclinical work to determine its effect on neointimal hyperplasia and fistula maturation. Preliminary work using this approach 42 has highlighted a potential geometry incorporating both arterial curvature and nonplanarity that is able to suppress potentially pathologic high-frequency flow unsteadiness.
CONCLUSIONS
Significant variation exists in the three-dimensional conformation of AVFs, the nature of which appears to be preserved at 2 weeks after surgery. Furthermore, AVFs are not planar structures but demonstrate significant nonplanarity and variations in arterial curvature within current practice. These variations are more pronounced in brachiocephalic than in radiocephalic fistulas and may explain a higher nonmaturation rate in the latter. Nonplanarity is associated with theoretical benefits promoting favorable flow conditions. The association of patient-specific CFD studies with clinical outcomes from this cohort may help define the correlates of successful AVF surgery and allow the identification of strategies to minimize the high rate of nonmaturation in native AVFs.
